A review and re-examination of literature data shows that highly selective water channels (aquaporins) have marked effects on the overall transport properties of the-plasma membrane of plant cells. The application of the channel blocker HgCI 2 (50 //M) or of high external concentrations of permeating solutes reduced the water permeability (hydraulic conductivity, Lp) of Chara internodes down to 25% of the control. In treated cells, reflection coefficients (<rj of permeating low molecular weight organic test solutes (alcohols, amides, ketones) were markedly reduced as well, but solute permeability (permeability coefficient, PJ remained constant. A similar relation between Lp and <7, was found with untreated cells of isolated epidermis of Tradescantia virginiana. The results can not be interpreted in terms of conventional membrane models (pore or solubility membrane); for instance, the classical frictional pore model (Dainty and Ginzburg, 1963) fails to explain low o % of rapidly permeating solutes. The results fit into a model which treats the membrane as a composite structure with proteinaceous arrays (containing water channels) in parallel with lipid arrays ('composite transport model'). Test solutes predominantly pass across the lipid array which was not affected by treatments. Water, however, largely uses the water channel array which was affected. When using heavy water (HDO) as an osmotic solute, the transport pattern changed as predicted by the model. As indicated by low channel reflection coefficients of test solutes, water channels did not completely exclude small uncharged molecules and do show some permeability for the test solutes used. Low <x, values of water channels are interpreted by a single-file mechanism of water and solute flow. Absolute values of transport coefficients (Lp, P., oj represent mixed values to which the different membrane arrays contribute according to concepts available from irreversible thermodynamics. The patchy structure of the cell membrane results in a circulation flow of water in the membrane. The fact that water channels can be triggered by factors such as heavy metals and high concentration suggests that water transport can be regulated by opening or closing water channels. The results have consequences for our basic understanding of osmosis and water transport in plants.
Introduction
In the current discussion of water transport across the plasma membrane of plant cells, water channels or aquaporins play an important role (Chrispeels and Maurel, 1994; Henzler and Steudle, 1995) . Similar to ion channels, these transport proteins appear to be highly specialized and facilitate the rapid, passive exchange of water between cell and medium in isolated cells and between protoplasts or protoplasts and apoplast in tissues (Macey, 1984; Finkelstein, 1987; Verkman, 1992) . In terms of their biochemistry and molecular biology, water channels are fairly well characterized (Preston et ai, 1992; Chrispeels and Maurel, 1994) . Transport across water channels has been largely studied after the expression of proteins in frog oocytes rather than directly in plant cells (Maurel et al., 1993) . If water channels turn out to play a key role during osmosis and plant water relations, their expression in different plant organs and their opening and closing mechanisms in the intact plant would be of key interest. Water channels could be a means by which the major pathways of water flow across tissues and organs of higher plants are determined and hydraulic resistances regulated according to existing models (Steudle, 1992 (Steudle, , 1994a . Compared to ion channels, virtually nothing is known about the factors and signals that cause water channels to open or close and how this would relate to the fact that the water permeability of plant membranes is affected by certain parameters such as high solute concentration and salinity, low oxygen, temperature, and turgor. It is not clear if and how the existence of water channels would change our basic understanding of water transport across cell membranes and of osmosis which is largely based on the linear force/flow relations of irreversible thermodynamics (Steudle, 1992 (Steudle, , 1994a . This review focuses on this latter aspect and summarizes older and some more recent results (Tyerman and Steudle, 1982; Steudle and Tyerman, 1983; Henzler and Steudle, 1995) . Interactions between water and solute transport are included. Emphasis is given to the fact that, different from the general view, the existence of water channels should cause cell membranes to behave like composite transport systems.
Water transport across membranes: from pores to channels
Classical concepts of the permeability of membranes consider a dual pattern of transport for both water and solutes. They include a 'basal' lipid permeability related to the lipophilic or hydrophilic character of the molecule transported and some facilitated transport across membrane pores (lipid-filter theory; Wartiovaara and Collander, 1960; Luttge and Higinbotham, 1979) . Transport across the lipid bilayer is assumed to be diffusional in nature and the partition of molecules (solutes or water) between membrane and medium and their size play the predominant role (Stein, 1986) . In classical pore models, water and solutes are considered to cross the membrane through pores which are sufficiently wide. More advanced descriptions consider interactions (i.e. some friction) between solutes and water as they cross the membrane. This is, of course, only possible if they do use a common path, i.e. if there are such pores. Frictional or pore models have been treated using thermodynamics of irreversible processes (Kedem and Katchalsky, 1961; Dainty and Ginzburg, 1963) . Within this frame, interactions are quantitatively expressed in terms of certain thermodynamic coefficients such as the reflection or electro-osmotic coefficients.
There is existing and also new evidence that water transport is facilitated by channels or aquaporins which are fairly selective to water (Macey, 1984; Finkelstein, 1987; Verkman, 1992; Chrispeels and Maurel, 1994) . Water channels are thought to be selective, mainly, because they are quite narrow, thus allowing the passage of water molecules one by one in single file. Even polar solute molecules with diameters slightly bigger than those of water are thought to be excluded from entering the pore. Water transport across channels can be inhibited by sulphydryl reagents such as mercurials (e.g. p-c\\\ovo-mercuribenzo sulphonic acid, PCMBS; or mercuric chloride, HgCl 2 ). It has been shown that the inhibition of water channels did not affect solute flow (ions and polar non-electrolytes) and vice versa (Maurel et al., 1993) . Hence, it appears that the slippage of solutes across water channels is very small and that proteins specialized for the transport of certain solutes (e.g. ion channels and ATPases) do not allow for a significant passage of water besides the solutes. This means that any frictional interactions between substances as they cross the membrane should be small. In terms of irreversible thermodynamics, it follows that water channels should have reflection coefficients close to unity for nearly all solutes. If this picture is true, conventional pore models have to be re-considered.
In the past few years, it has been demonstrated that the functional units of water channels are proteins of about 30 kDa which are spanning the membrane six times to form the pore (Preston et al., 1992; Chrispeels and Maurel, 1994) . Nearly all the evidence for aquaporins comes from experiments in which channels have been characterized after expressing mRNA encoding for them in Xenopus oocytes (Zhang et al., 1990) . The technique has led to the identification of the proteins, including their amino acid sequences, in red blood cells (Preston et al., 1992) , in kidney (Fushimi et al., 1993; Zhang et al, 1993) , and in plants (Maurel et al., 1993) . In the oocyte assay, changes in the rate of osmotic swelling were measured. Since frog eggs exhibit only a low basal water permeability (hydraulic conductivity), increases can easily be detected after the treatment. Channels expressed in oocytes have been reversibly inhibited with mercurials which caused a decrease of the water permeability by as large a factor as 5 to 10 (Preston et al., 1992; Maurel et al., 1993) . When sulphur-containing amino acids (cysteine) of the channel protein were exchanged by others, water transport became insensitive to mercury (Preston et al., 1993) .
To date, much more is known about the biochemistry and structure of water channels than about their function. The current knowledge of transport properties suggests that water channels represent narrow pores formed by the transmembrane domains of the protein which exclude everything but water. Diameters of the pores are between 3 and 4 A (0.3 to 0.4 nm; Macey, 1984) . This is sufficient to allow the passage of water molecules (diameter: 2.8 A (0.28 nm); Stein, 1986) one by one in a single file. Within the pore, passage of water molecules past each other is not possible. The single-file or no-pass transport mechanism allowed the estimation of the number of water molecules aligned in the pore from a comparison of the osmotic (bulk) and diffusional water flow (P r /P a ratio; Levitt, 1974) . Figures range between one for the lipid bilayer, six for plasma membranes, 10 for red blood cells, and up to 20 molecules for Chara (Finkelstein, 1987; Henzler and Steudle, 1995) . For Chara, the figure represents an upper limit because of a probable underestimation of P d caused by unstirred layers.
Transport experiments on intact plant cells
So far, experiments on Xenopus oocytes have provided most of the evidence for the function of water channels (see above). Evidence for the function of channels in intact plant cells is largely missing for technical reasons. Recently, the cell pressure probe has been used to measure effects of the water channel blocker HgCl 2 on the cell hydraulic conductivity {Lp) in intemodes of the freshwater alga Chara corallina (Henzler and Steudle, 1995) . In contrast to the oocyte assay, the solute permeability (permeability coefficient, PJ and reflection coefficients (<j 8 ) of hydrophilic and lipophilic test solutes (salts, low molecular weight amides, ketones, and alcohols) have been determined as well. This allowed a much deeper insight into transport properties and the function of channels. For example, if water channels were not ideally selective for water, they should also allow the passage of polar, low molecular weight solutes such as methanol, ethanol, or formamide. Hence, upon channel closure, the permeability of test solutes should also decrease. However, the results (summarized in Fig. 1 ) indicated that solute permeability remained constant, although water permeability (Lp) was reduced by a factor of 3.9 or by 74%. It was concluded that test solutes cross the membrane predominantly across the lipid bilayer which was not affected by the treatment (Henzler and Steudle, 1995) . On the other hand, closure of water channels did reduce Lp considerably. If the closure were complete, the remaining water permeability would be accounted for by the lipid bilayer. For Chara, the residual water permeability calculated from Lp (P t =Lpx RT/V W ; K w = molar volume of water) was P t =7.6x\0~5 ras" 1 (Lp = 5.6 x 10" 7 ms" 1 MPa" 1 ). This is somewhat larger than the value found for red cells (/ > f = 1.8 x 10" 5 m s" 1 ; Moura et al, 1984) or for frog eggs treated with HgCl 2 (2 x 10" 5 ms"
1 ; Preston et al, 1992) . Changes in reflection coefficients upon channel closure were most remarkable. For lipophilic solutes (alcohols, ketones), a, was strongly reduced at constant P v (Table 1 ; Fig. IB) . In some cases, even negative a, values were obtained after the treatment. This means that anomalous osmosis occurred and cells were swelling when treated with a hypertonic solution (acetone and ethanol in Table 1 ). According to the frictional pore model, the reflection coefficient of a membrane for a given solute ; filled circles) shows that, on average, the original half-time increased by a factor of 3.9, i.e. the hydraulic conductivity (Lp) was reduced by the same factor (correlation coefficient of linear regression: = 0.72). Treatment with 5 mM 2-mercaptoethanol reversed the effect of mercury (7" would be (Kedem and Katchalsky, 1961; Dainty and Ginzburg, 1963) :
[ PV (1) where V t = partial molar volume of solute; K, = partition coefficient of solute 's' between membrane and solution in membrane pores; / sw = coefficient describing the per mole frictional force of water acting on solute V when passing across the pore;/ m = frictional coefficient describing extent of friction between solute and membrane. It is clear that, if the pores exclude the solute completely, it holds that/", = () and Eq. (1) reduces to:
This equation holds for an oil film or for a bilayer in the absence of pores. The physical meaning of the second term on the right side of Eqs (1) and (2) is that it accounts for the contribution of the solute flow to the overall volume flow in a membrane which is permeable to the solute. In an experiment in which the permeating solute is used as an osmoticum, water and solute move across the membrane in opposite directions. Therefore, solute flow reduces the absolute value of the reflection coefficient. If there is some frictional interaction (last term on the right side of Eq. (1)), this would reduce a, further. In this case, the water flow across the pore would drag solutes against the concentration gradient and vice versa, thus, causing a decrease of flows and of a,. Usually, solute flows will be much slower than that of water and V,P,<V W P ( will hold (and a,<l). However, if the solute permeates faster than the water (as is the case for highly lipophilic solutes), the absolute value of the second term may be larger than unity and a,<0 (as found for Chara after closing channels). Negative values of reflection coefficients are known for plant cells (e.g. for the marine alga Valonia; Gutknecht, 1968;  or for leaf epidermal cells of Tradescantia virginiana; Tyerman and Steudle, 1982; see below) . Interestingly, they occur when the absolute value of Lp is low as for Valonia and Tradescantia, but also for Chara treated with the channel blocker HgCl 2 .
For Chara, the HgCl 2 treatment reduced Lp at constant P, (Henzler and Steudle, 1995) . From this result we conclude that water and solutes move on different pathways across the membrane (lipid array and water channels) and direct interactions in terms of the classical pore model are small. The conclusion is in line with results showing that the solvent-drag effect on the solute flow in Chara is negligible (Rudinger et ah, 1992) . Hence, Eq. (2) rather than Eq. (1) applies. However, calculating a, from measured values of Lp (P ( ) and P t , yields reflection coefficients which are far too high compared with the measured a, ( Table 1 ). The finding indicates that this approach (Eq. (2)) fails to explain the results. Another reason for the failure is that it would usually be expected that P, increases with decreasing reflection coefficient. However, it was found that a, decreased substantially and Values were measured from osmotic pressure relaxations (left) or were calculated according to Eq. (2) (right; \-P, VJ(LpRT)). Except for HDO, both measured and calculated a, values were reduced after blocking the water channels, but the effect was much more pronounced in measured rather than in calculated values. For solutes which did not permeate the lipid bilayer (mannitol, NaCl) a, was not affected. For control and treated cells, the data show that the calculation of reflection coefficients according to Eq. (2) (homogeneous-membrane model) fails to explain the low measured a,. The reason for the differences is related to the composite structure of the membrane (lipid array with low a 1 , and proteinaceous array with water channels with higher of arranged in parallel; see text and Eq. (5) 
Composite transport model
The simple model behind Eq. (2) is that of a 'homogeneous membrane' which is either a diffusion-solubility membrane (oil film or lipid bilayer) or a porous membrane. In the first case, water and solutes move across the membrane by independent diffusion. In the second case, they pass across a common pore. The comparison between measured and calculated a, indicates that, at least for Chara, homogeneous-membrane models do not apply. Rather, we have to consider a different model. In terms of the membrane structure, it would be more realistic to treat the membrane as being composed of a lipid array (superscript T) characterized by a certain set of coefficients (L\, P\, cr 1 ,) and an array containing water channels which we may call the 'proteinaceous' array (superscript 'p'; coefficients Lp p , P®, of). The two different arrays are arranged in parallel. For such a system, irreversible thermodynamics yields for the overall reflection coefficient, a, (Kedem and Katchalsky, 1963) :
•f and y 1 represent the fractional areas of both arrays (y' + y p = 1). y 1 Lp x and y 9 Lp 9 are the hydraulic conductances (per unit area of membrane) of the two arrays or pathways. The conductances are arranged in parallel and it holds that:
The physical meaning of Eq. (3) is that the different arrays will contribute to the overall a, according to their hydraulic conductances. This is plausible because a, is measured from the change in turgor {AP) at a given change in the osmotic pressure of the medium (An°) at zero volume flow as shown in Fig. 2 . Schematically, the figure indicates three different cases, I.e. homogeneous tight (a s = 1) or loose (a,< 1) membrane ( Fig. 2A, B) . A membrane composed of the two former types is indicated in Fig. 2C . In all cases, water flow equilibrium will be attained when AP -o B (n',-n°) . However, it is seen that the steady-state turgor in Fig. 2C is between that in Fig. 2A and B. It is also seen that, different from Fig. 2A and B, a circulation flow of water will be set up in the composite system (Fig. 2C) . The reason for the circulation flow is the fact that, for the tight membrane, osmotic equilibrium will occur at a higher hydrostatic pressure difference than for the loose membrane. This will cause a backflow of water across the loose membrane when the pressure difference builds up. The circulation flow will last as long as the concentration difference is maintained between the compartments. In a Char a cell having a composite or 'patchy' membrane, we expect a situation similar to that indicated in Fig. 2C . The overall reflection coefficient is a mixed value which should be somewhere between that of the lipid and proteinaceous arrays. For example, if a lipophilic substance exhibits a very low or even negative a\ for the lipid array and a fairly high of for the water channels, this may end up in a low, but still positive overall a,. Hence, low values of a, are readily explained.
The composite model may be tested for after combining Eqs (3) and (4). This yields:
Thus, plotting measured values of a, and \/Lp against each other should yield a straight line. This is found experimentally as shown in Fig. 3 . In Fig. 3A , data from controls and from HgCl 2 -treated cells are plotted for two different solutes (ethanol and MN-dimethylformamide, DMF). Since the reciprocal relation between a, and Lp according to Eq. (2) does not hold (Table 1) , the finding strongly supports the view of a composite transport. In addition, the model explains low absolute values of reflection coefficients (a,) at constant solute permeability
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(/",). P t will be controlled by the permeability, of the lipid bilayer which does not change during the treatment. However, a, will change and will approach the value of the lipid bilayer as water channels close. At first sight, there may be a difficulty in the interpretation of the results. From the intercepts of the straight lines with the a, axis in Fig. 3A , the of of water channels can be estimated (Eq. (5)). For the experiments shown in the figure, reflection coefficients of the water channels were of = 0.41 for ethanol and of = 0.68 for DMF. These values are substantially smaller than unity. A reflection coefficient of unity would be expected, if water channels completely excluded solutes, i.e. if Pf = 0 holds. Hence, the results indicate that the exclusion of small uncharged solutes is not perfect, i.e. water channels are not ideally selective.
Solute permeability of water channels
If there is some slippage of small polar solutes across water channels as indicated by the low of, this should have a big effect on the overall volume flow because a diffusive movement of a single solute molecule along the water channel and down the concentration gradient should drag all the molecules present in the pore in the same direction. This is because the pores are narrow and molecules can not pass each other. Although there is some uncertainty about the real value, the amount of water molecules aligned within a pore has been estimated for Char a to be about 20 (from Pf/P A ratios; see above). Provided that, at low solute concentrations, only one solute molecule passes a water channel at a time, this would, therefore, drag along about 20 water molecules. The effect would tend to lower the reflection coefficient of the channel considerably. To account for the effect, the numerator in the second term of the right side of Eq. (2) would have to incorporate the volume of about 20 molecules of water besides that of the solute. For example, if we have for ethanol af = 0.41 (Fig. 3) , the second term on the right side of Eq. (2) will be 0.59. Taking K w =18xl0" 6 n^mol" 1 and K, = 58xlO' 6 m 3 mol" 1 , we get a ratio of the solute to osmotic water permeability of P p /P% = 38 for ethanol. Thus, by a factor of 38, water channels of the Chara membrane would select water against ethanol which is still a substantial discrimination. Using a of=0.68 for DMF (Fig. 3) , we get a P P /P^ = 73 for this bigger solute, i.e. a higher selectivity as expected. From the blocking experiments with HgCl 2 , we conclude that, at least for Chara, water channels, although remarkably selective, are not perfect filters for small polar solutes as has been suggested in the literature (Chrispeels and Maurel, 1994; Maurel et ai, 1993) . We further conclude that the technique used here of a simultaneous measurement of different parameters {Lp, P s , a,) allows a much deeper insight into channel properties than that of only measuring changes of P t (Lp) . The data provide information about channel selectivity and about contributions of different membrane arrays during transport.
Using heavy water (HDO) as the osmotic solute, it is expected that P,(P d ) would be high and a, very low. This is because HDO should use the water channel path rather than the lipid array to cross the membrane and, different from the other test solutes, <J t >o* should hold. Indeed, it was found experimentally that a, was very low and P d high (Table 1) . However, when a, of HDO was calculated from Eq. (2), the difference between measured and calculated a, values was even larger for HDO than for the other solutes used (Table 1) . According to the composite membrane model (Eq. (3)), a, should approach the reflection coefficient of the lipid bilayer, i.e. it should increase upon channel closure. On the other hand, the permeability coefficient of HDO (P d ) should decrease. Both results predicted from the model were found experimentally: P d was reduced by a factor of 1.8 and a, increased by a factor of 2 (Table 1 ; Henzler and Steudle, 1995) . These findings strongly support the model.
The concentration dependence of Lp in Chara
As for the blocking experiments with HgCl 2 . older results with Chara also fit into the picture of a composite ('patchy') transport of water and solutes. In the older experiments of Steudle and Tyerman (1983) , Lp was reduced by increasing the external concentration at constant cell turgor. The permeability of certain test solutes and reflection coefficients were measured. It was found that a, decreased with decreasing Lp, but P, remained constant (as during the blocking with HgCl 2 ). The interpretation of the findings in terms of conventional models and, namely, the constancy of solute permeability caused difficulties (Steudle and Tyerman, 1983) . In terms of the composite transport model it is easy to explain.
In Fig. 3 , the results of Steudle and Tyerman (1983) of the concentration dependence of Lp and a, are replotted and compared with data from the mercury treatment of Henzler and Steudle (1995) . It can be seen from the figure that the slopes of the o,(l/Lp) plots and the intercepts with the a, axis are similar to those obtained in the blocking experiments with HgCl 2 . Hence, we propose that both mercury and high concentration have a similar effect on water channels, i.e. they cause reversible conformational changes of the transport protein and a closure of channels. For the reasons discussed above, the closing of water channels at high concentrations gives rise to substantial reductions in a,. The concentration dependence of Lp of characean cells which has been known for a long time may be interpreted by a reversible effect of high concentration on water channel protein.
Since the concentration effect on Lp is singular for characean cells, these organisms appear to have a channel protein which is different from that of other species. It should be noted that the experiments of Steudle and Tyerman (1983) were performed at external concentrations ranging from zero to values of as large as 1.2 M. This is possible with permeating solutes which equilibrate rapidly across the cell membrane without affecting turgor. Thus, a possible effect of turgor on cell Lp (also known for Chara; Steudle, 1994a) was excluded. The data suggest that the two treatments (high external concentration; HgCl 2 ) affect water channels similarly. Data in (A) refer to three and five cells, respectively. In (B), data for acetone and DMF refer to a single cell and for ethanol to three different cells. In the inset (a), plots of a, versus Lp are given as well. Basic data in (A) were taken from Henzler and Steudle (1995) , and in (B) from Steudle and Tyerman (1983) .
solutes and cells, even negative a, values were found. As for Chara, a, decreased with decreasing Lp. Permeability coefficients could not be measured with certainty because of unstirred layer effects. Figure 4 shows that plotting the data of Tyerman and Steudle as o,(l/Lp) also yields a straight line with of values similar to those obtained for Chara (Fig. 3) . This is so, despite the fact that the absolute value of Lp of the epidermal cells was by an order of magnitude smaller than that of Chara. It can be seen from Fig. 4 that for methanol, ethanol and isopropanol, the plots were similar, but different from that for n-propanol suggesting a different behaviour for the latter solute, i.e. a better slippage across water channels. The large differences in the slopes of the plots in Figs 3 and 4 suggest that the lipid array in Tradescantia was much less permeable to water than that in the membrane of Chara (Eq. (3)). Also, there might have been a bigger difference between the reflection coefficients of the arrays.
Intercepts with the a, axis were similar, suggesting that the properties of individual channels were also similar. Fig. 4 . The same plot as in Fig. 3 , but for four different cells of isolated epidermis of leaves of Tradescantia virginiana (original data from Tyerman and Steudle, 1982) . There was some 'natural' variation in the Lp and a, values. For methanol, ethanol and iso-propanol plots of o, against l/Lp were similar. The value of channel of for ethanol was somewhat larger (of = 0.62) than the corresponding value for Chara (of = 0.41 and 0.42; Fig. 3 ). Since the Lp of cells of Tradescantia was by an order of magnitude smaller than that of Chara, slopes in Fig. 4 were by an order of magnitude smaller than in Fig. 3 as demonstrated by a replot of the data for ethanol from Fig. 3A into Fig. 4 . According to Eq. (5), the differences in the slopes for Chara and Tradescantia suggest a much lower hydraulic conductivity of the lipid array for the latter (see text). The fact that, for ethanol, intercepts with the ordinate ('channel of') were similar for Chara and Tradescantia suggests similar transport properties of water channels for both species.
Consequences
The results summarized here suggest that water channels may account for most of the water permeability of the cell membranes of Chora and Tradescantia. If this turns out to be true for plants in general, it would have considerable consequences for our understanding of plant water relations. For example, the rinding of a variable membrane Lp could, perhaps, be explained in terms of an opening or closing of water channels or by their different expression in plants. Besides the concentration and toxic metals (as tested), parameters such as low water potential and turgor could trigger the opening and closing of channels. It has been shown that desiccation induces the expression of water channel protein in Arabidopsis thaliana (Yamaguchi-Shinozaki et al., 1992) and that cell turgor appears to be important for its expression in pea (Guerrero et al., 1990) . High salinity and low oxygen are other candidates (Azaizeh and Steudle, 1991; Birner and Steudle, 1993) . At low O 2 concentrations, Tyerman et al. (1986) and Zhang and Tyerman (1991) found reductions of the Lp of wheat root cells by factors of 2 to 3. They interpreted their results by a closing of plasmodesmata. Azaizeh et al. (1992) found a reduction in the Lp of root cortical cells of maize by factors of 3 to 6 which resulted in a decrease of the overall hydraulic conductivity of the roots of 30-60%. Both findings could be related to water channels. This would be an alternative and, perhaps, more realistic explanation than the closing of plasmodesmata as suggested by Tyerman and co-workers. In plant tissue, water channels and not plasmodesmata may mediate most of the water flow from cell to cell and the transcellular rather than the symplastic component would be more important than the apoplastic. In this case, water flow would have to cross the cell wall (apoplast) to move from one tissue cell (protoplast) to the next. The question of which path is predominantly used in plant tissue is of general importance for the modelling of water transport in tissues and for the question of how hydraulic resistances in plants are regulated (Steudle, 1992 (Steudle, , 1994a . For example, in the exo-and endodermis of roots, water channels may provide a path of low resistance when the apoplastic path is blocked by Casparian bands.
Do basic concepts of water transport change?
To date, basic concepts of water transport in plants are based on irreversible thermodynamics (Steudle, 1992 (Steudle, , 1994a . This is so because, in plant tissue, water is usually close to thermodynamic equilibrium. One of the great advantages of the frame given by thermodynamics is that it describes and quantifies couplings between flows. However, the results discussed in this review show that interactions in terms of friction between water and solute flows are small. Therefore, it may be questioned whether or not these concepts would still be useful or even hold, if water and solutes (including ions and actively transported substances) move separately across membranes in distinct patches or highly selective channels, and direct interactions do not take place. However, it has also been demonstrated in this review that the thermodynamic concept still represents a useful tool because (i) interactions between flows still occur and (ii) basic concepts from irreversible thermodynamics turn out to be quite efficient when treating composite systems. It appears that, in the water channel concept, couplings between water and solute flows are of the type known for single-file transport. In addition, the patchiness of transport plays an important role. Thus, thermodynamic concepts of composite transport will have to be adapted and further extended in the future.
How do pumps and ion channels fit into the picture?
In order to arrive at a complete description of water transport in plants, the important question has to be addressed as to whether transport proteins, different from aquaporins, such as ion channels and pumps also allow some transport of water and contribute to the overall cell Lp. As water channels allow some slippage of uncharged solutes, they may also allow for a slippage of ions. However, considering the fact that the permeability of ions is smaller by several orders of magnitude than that of the rapidly permeating test solutes referred to in this study, the slippage of ions across water channels should be an extremely rare event, and the concomitant drag of water negligible. For ions, water channel arrays and the rest of the membrane have a a, of virtual unity. The same holds for most of the metabolites. With respect to the slippage of water across ion channels, pumps and other transporters, the situation is less clear. There are experiments indicating that the drag or leak of water across these transport systems is also small (see Introduction). However, there are other results which indicate a strong electro-osmotic coupling between ions and water (Fensom et al., 1967; Homble and Very, 1992) . In principle, the problem can be solved by specifically inhibiting either ion or water channels and measuring the resulting changes in transport (Lp, P,, aj of water and of suitable test solutes. These experiments have not yet been performed.
Conclusions
We conclude that older and recent results from Chara and leaf cells of Tradescantia fit into the picture of membrane arrays selective to water transport (water channels). Water channel arrays are different from those used by small molecular weight organic test solutes (lipid array). The composite ('patchy') transport model recently proposed to explain the inhibition of water transport (Lp) in Chara by HgCl 2 also explains the concentration dependence of Lp suggesting that there is a common effect which is most likely a reversible opening or closing of water channels as the conformation of transport proteins changes. According to the mosaic membrane structure and from what is known about the transport properties of water channels, the composite transport model is quite attractive. It readily explains small reflection coefficients of test solutes and the fact that solute permeability remained constant when water permeability was inhibited. In order to get information about the dimensions and selectivity of water channels, the model is used to characterize water channels in terms of their reflection coefficients (selectivity) and permeability to water and test solutes of different size and polarity. Low channel reflection coefficients of test solutes are explained in terms of a single-file ('no-pass') transport of water and solutes. Present work concentrates on the question of how water channels operate in cells of plant tissue of roots and leaves and how they contribute to the regulation of overall water flow. Besides the water, this requires the measurement of the transport of test solutes at the cell and tissue level using established techniques (cell and root pressure probe). The measurements include transgenic plants which express water channels of different type and at different densities.
